• Developmental dieldrin exposure increases α-syn-PFF-induced motor deficits • Developmental dieldrin exposure increases PFF-induced deficits in DA handling • Developmental dieldrin exposure does not affect PFF-induced loss of nigral neurons • This is a novel paradigm modeling how environmental factors increase risk of PD • Female mice show PFF-induced pathology, but no PFF-induced motor deficits.
Introduction
Parkinson's disease (PD), the second most common neurodegenerative disorder in the United States, is characterized by progressive degeneration of dopaminergic neurons of the nigrostriatal pathway and the formation of alpha-synuclein (α-syn)-containing Lewy bodies. Several genes have been linked to inherited forms of PD; however, it is estimated that only 5-10% of PD cases are familial. 1, 2 The remaining ~90% of sporadic PD cases are likely due to a complex interaction between genes and environmental factors. Supporting this idea, epidemiologic studies have shown an association between exposure to persistent organic pollutants, including pesticides and industrial toxicants, and an increased risk of PD. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] When these data are combined with post-mortem analysis and mechanistic studies, a role for specific compounds in PD emerges. 12, 15, 20 Dieldrin is an organochlorine pesticide that has been associated with an increased risk of PD by both epidemiologic and mechanistic studies. 15, [20] [21] [22] [23] [24] [25] Because dieldrin was phased out in the 1970s and 1980s, the potential for new, acute exposure to dieldrin is low. However, the health effects of past exposures will continue for decades as the population currently diagnosed with PD and those who will develop PD in the next 20-30 years were likely exposed to dieldrin prior to its phase out. 21, [26] [27] [28] Furthermore, well-established experimental models of dieldrin exposure have demonstrated that dieldrin induces oxidative stress, is selectively toxic to dopaminergic cells, disrupts striatal dopamine (DA) activity, and may promote α-syn aggregation. 20, 21, [29] [30] [31] [32] [33] [34] Because of the established association of dieldrin with PD risk and well-characterized animal exposure dosing paradigms, our lab utilizes the developmental dieldrin exposure as a representative model of increased PD susceptibility. [33] [34] [35] In this model, developmental exposure to dieldrin induces persistent alterations in the DA system that cause a male-specific increase in susceptibility to subsequent exposure to MPTP. 33 However, numerous therapeutics that protect against MPTP in preclinical studies have failed to translate to clinical benefit, suggesting that this model has limited utility for accurately predicting clinical translation or exploring toxicological mechanisms in PD. 36 Moreover, MPTP is a fast-acting toxicant that induces rapid and extensive loss of striatal DA, which does not reflect the protracted course of loss of function and degeneration observed in disease. Finally, the failure of the MPTP model to develop widespread α-syn pathology calls into question its validity as a "second hit" for examining organochlorine-induced PD vulnerability. 36, 37 Instead, in the present study, we incorporated the α-syn pre-formed fibril (PFF) model to investigate dieldrin-induced parkinsonian susceptibility.
In 2012, Luk et al reported that intrastriatal injection of synthetic α-syn PFFs into wild-type mice seeded endogenous accumulation of Lewy Body (LB)-like intracellular α-syn inclusions and ultimately led to nigrostriatal degeneration. 38 These findings have been replicated in transgenic mice, non-transgenic mice, rats, and monkeys. [38] [39] [40] [41] [42] [43] [44] PFF-induced α-syn inclusions resemble LBs in that they are compact intracytoplasmic structures of hyperphosphorylated (ser129) α-syn (psyn), co-localize with ubiquitin and p62, and are thioflavin-S-positive and proteinase-k Western blotting: Western blots for α-syn, DAT and VMAT2 were carried out as previously described. 33, 39, 42, [59] [60] [61] Striatal tissue punches were homogenized in tissue lysis buffer (Tris buffered saline with 1% SDS) and centrifuged at 1150 x g for 5 minutes at 4˚C. Protein levels were quantified by BCA protein assay. Samples were diluted with appropriate homogenization buffer, NuPage LDS sample buffer, and 100 mM DTT. For each sample, 10 µg of total protein for α-syn and 20 µg of total protein for DAT and VMAT2 was loaded onto a NuPage 10% Bis-Tris gel. Samples were co-blotted with dilution standards. Samples were subjected to PAGE and electrophoretically transferred to polyvinylidene difluoride membranes (ThermoFisher 88520). For α-syn detection only, immediately following the transfer, proteins were fixed to the membrane by incubating the membrane in 0.4% paraformaldehyde for 30 minutes at room temperature. After fixation, the membrane was incubated in REVERT staining solution (Li-Cor Biosciences, 926-11021) for 5 minutes and imaged on a Li-Cor Odyssey CLx for quantification of total protein. Non-specific sites were blocked with Odyssey Blocking Buffer (LI-COR Biosciences, 927-50003), and membranes were then incubated overnight in the appropriate primary antibody: α-syn (BD 610787, 1:500), DAT (Millipore Sigma MAB369, 1:1000) or VMAT2 (Miller Lab, 1:10,000). 61 Primary antibody was prepared in 0.01% Tween in Odyssey Blocking Buffer. Primary antibody binding was detected with the appropriate secondary antibody (α-syn: IRDye 800CW Goat anti-Mouse, Li-Cor 926-32210; DAT: IRDye 800CW Goat anti-Rat, Li-Cor 926-32219, 1:10,000; VMAT2: IRDye 800CW Goat anti-Rabbit, Li-Core 926-32219) and imaged on a Li-Cor Odyssey CLx. Quantifications of both total protein and bands of interest were performed in Image Studio Lite Version 5.2. Intensities were calibrated to co-blotted dilutional standards and normalized to total protein.
Taqman Array Cards:
RNA isolation was performed using the RNeasy Lipid Tissue Mini Kit (Qiagen), with minor modifications to improve RNA yield. First, tissue was homogenized in 200 µl cold Qiazol lysis reagent. Second, after homogenization, an additional 800 µl of Qiazol lysis reagent was added to each tissue sample followed by 200 µl of chloroform. Third, to facilitate separation of the RNA containing aqueous layer, samples were centrifuged in Phasemaker tubes. Finally, the optional DNase digestion step was included to improve purity of isolated RNA. RNA was eluted in 50 µl RNase-free water, and RNA yield and purity were both assessed using the Agilent RNA 6000 Pico Reagents with the Agilent 2100 Bioanalyzer System (Agilent Technologies). RIN scores were between 7.7 and 8.6 for all samples. Isolated RNA was stored at -80˚C.
cDNA synthesis was performed according to directions supplied with Superscript IV VILO master mix (Life Technologies). 750 ng of RNA input was used per reaction. Reactions also included 1 µl of RNaseOUT (ThermoFisher). cDNA was stored at -20°C until use. qPCR reactions were prepared according to the manufacturer's protocol using Taqman Fast Advanced Mastermix (ThermoFisher). The TaqMan Array Mouse Immune Panel (ThermoFisher) was run on a Viia7 Real-Time PCR instrument (ThermoFisher) according to kit instructions. The 2 -ΔΔCt method was performed on the Taqman array data to estimate relative changes in gene expression by dieldrin exposure. 62 ΔCt was calculated as follows: ΔCt = Ct (mean of target gene) -Ct (mean of housekeeping genes). Four housekeeping genes were used to calculate the housekeeping gene mean: Actb, Gusb, Hprt1, and Gapdh. We excluded 18S rRNA as a housekeeping gene because the assay failed in some samples. The ΔΔCt value for each gene was calculated as follows: ΔCt (dieldrin group) -ΔCt (control group). Fold change was calculated as follows: fold change = 2 -ΔΔCt. To test for differential gene expression between dieldrin and control brains, we ran Welch's two-sample t-tests comparing ΔCt values for each gene in the two experimental groups. Significance level for t-tests was set at p< 0.05. All gene expression analyses were stratified by sex. Lists of significant differentially expressed genes in male and female mouse brains were input into the STRING network tool to test for known proteinprotein interactions. In STRING, the meaning of network edges was set to represent molecular action; otherwise, we used default settings.
Immunohistochemistry: Fixed brains were frozen on a sliding microtome and sliced at 40 μm. Free-floating sections were stored in cryoprotectant (30% sucrose, 30% ethylene glycol, 0.05M PBS) at -20°C. A 1:4 series was used for staining. Nonspecific staining was blocked with 10% normal goat serum. Sections were then incubated overnight in appropriate primary antibody: p-syn (Abcam, Ab184674, 1:10,000) or TH (Millipore, AB152, 1:4,000). Primary antibodies were prepared in Tris-buffered saline with 1% NGS/0.25% Triton X-100. Sections were incubated with appropriate biotinylated secondary antibodies at 1:500 (anti-mouse, Millipore AP124B or anti-Millipore AP132B), followed by Vector ABC standard detection kit (Vector Laboratories PK-6100). Visualization was performed using 0.5 mg/ml 3,3' diaminobenzidine (DAB, Sigma-Aldrich) for 30-60 seconds at room temperature and enhanced with nickel. Slides stained for psyn were counter-stained with Cresyl violet. Slides were dehydrated before cover-slipping with Cytoseal (Richard-Allan Scientific) and imaged on a Nikon Eclipse 90i microscope with a QICAM camera (QImaging) and Nikon Elements AR (version 4.50.00).
Quantification of p-syn inclusion-bearing neurons in the SNpc:
Total enumeration of neurons containing p-syn was performed as previously described using StereoInvestigator (MBF Bioscience). 50 During counting, the investigator was blinded to the treatment groups. Sections containing the SNpc (1:4 series) were used for all counts. Contours were drawn around the SNpc using the 4x objective. A 20x objective was used to identify the stained inclusions. All neurons containing p-syn within the contour were counted and total counts were multiplied by four to estimate the total number of neurons in each animal with inclusions. Samples injected with PFFs that did not have any p-syn pathology were excluded as missed injections.
Stereology: TH and NeuN neuron counts were estimated by unbiased stereology with StereoInvestigator (MBF Bioscience) using the optical fractionator probe, as described previously. [63] [64] [65] Briefly, sections containing the SNpc (1:4 series) were used for all counts. In all cases, the investigator was blinded to the treatment groups. Contours around the SNpc were drawn using the 4x objective and counting was done using a 60X oil immersion objective. The following settings were used for TH counting: grid size = 195 μm x 85 μm, counting frame = 50 μm x 50 μm, guard zone = 3 μm, and optical dissector height = 23 μm. The following settings were used for NeuN counting: grid size = 260 μm x 320 μm, counting frame = 50 µm x 50 µm, guard zone = 2.5 μm, and optical dissector height = 25 μm. Section thickness was measured every third counting frame, with an average measured thickness of 29 μm. Labeled neurons within the counting frame were counted while optically dissecting the entire section through the z-axis. Variability was assessed with the Gundersen coefficient of error (≤0.1).
Data analysis and statistics:
Statistical analysis of all data and graphing were performed using either GraphPad Prism or R (version 3.5.3). All analyses were stratified by sex. All two-group comparisons (total enumeration of p-syn, baseline behavior, Taqman array cards and western blots) were performed using an unpaired Welch's t-test. Stereology, HPLC results and post-PFF behavior were compared by two-way ANOVA followed by Sidak's multiple comparisons tests. Linear regression was performed to test for associations between HPLC results and behavioral outcomes using the lm() function in R. Pregnant dams were the experimental unit for all analyses and all pups for each outcome came from independent litters. All data are shown as mean +/-95% CI. Results of two-way ANOVA are included in figure legends and significant results of Sidak post-tests are indicated on graphs.
Results

Dieldrin exposure exacerbates PFF-induced deficits in motor behavior
Animals were tested on challenging beam and rotarod prior to PFF injections (baseline), and at 4 months and 6 months post-PFF injections. On the rotarod, we observed no PFF-or dieldrininduced deficits in the latency to fall at any time point ( Supplementary Figure 1 ). On challenging beam, a sensorimotor test that assesses fine motor coordination and balance in mice, the biggest differences were detected at the 6 month time point ( Figure 3 ). [54] [55] [56] [57] [58] Results from each timepoint are described below. Supplementary Figure 1 : No PFF-or dieldrin-induced effects were observed on rotarod in male or female mice. Male and female mice (n = 20 per group at baseline, n = 10 per group at later time points) were tested on rotarod prior to PFF injections (Baseline) and at 4 and 6 months post-PFF injections. Latency to fall in both sexes at all time points, except females at 4 months, was unaffected by either PFF injection or dieldrin exposure. In females at 4 months, there was a significant PFF effect by twoway ANOVA (p = 0.0478), but no single comparison was significant by Sidak post-test. Data is shown as mean (95% CI) Baseline: There were no significant differences in any of the outcome measures for either sex at baseline testing (Table 1) . 
months post PFF injection:
In male animals, we observed no differences between the groups in time to traverse the beam ( Table 2 ). However, dieldrin exposed animals (dieldrin:saline) made fewer steps across the beam than vehicle controls (vehicle:saline). PFFs had no effect on steps in vehicle exposed animals but caused an increase in steps in dieldrin exposed animals. In addition, there was a significant effect of PFF on errors per step at this time point. Post-tests did not identify a significant effect of dieldrin despite a higher error rate in dieldrin exposed animals (dieldrin:saline), but did identify a PFF-induced reduction in errors in dieldrin exposed animals.
In female animals, there were also no differences between the groups in time to traverse ( Table  2 ). Dieldrin exposed animals (dieldrin:saline) made more steps across the beam than their vehicle control, while in PFF-injected animals, dieldrin exposed animals (dieldrin:PFF) made fewer steps than their vehicle control (vehicle:PFF). PFFs also induced a significant increase in steps in vehicle exposed animals. Control animals (vehicle:saline) made fewer errors per step than the other groups at this time point and fewer errors than they did at baseline; the other treatment groups made similar errors per step than they did at baseline ( Table 2 : Challenging beam performance in male and female mice at 4 months post-PFF injection. Male and female mice (n = 10 per group) were tested on challenging beam 4 months after PFF injections. Two-way ANOVA with Sidak's multiple comparison tests were performed. Results of Sidak post-tests between dieldrin exposed animals and corresponding vehicle controls are indicated on the table. All significant post-test results are included in this legend. Males: There were no significant differences in males on time to traverse. On steps, PFF, dieldrin and the interaction were all statistically significant by two-way ANOVA (PFF: p = 0.0008; dieldrin, p < 0.0001; Interaction: p < 0.0001). Sidak post-tests shows a significant effect of dieldrin in saline-injected animals (vehicle:saline vs dieldrin:saline, p < 0.0001) but not in PFF-injected animals, as well as an effect of PFF in dieldrin exposed animals (dieldrin:saline vs dieldrin:PFF, p <0.0001), but no effect of PFF in vehicle animals. On errors/step, there was a significant effect of PFF by two-way ANOVA (PFF: p = 0.003; dieldrin, p = 0.1657; interaction, p = 0.0695). Sidak post-tests showed no significant effect of dieldrin, but did identify a PFF effect in dieldrin exposed animals (dieldrin:saline vs dieldrin:PFF, p = 0.0012). Females: There were no significant differences in time to traverse. On steps, PFF and the interaction were statistically significant (PFF: p = 0.0199; dieldrin, p = -.4907; interaction: p < 0.0001). Sidak post-tests revealed a significant effect on dieldrin in both saline-and PFF-injected animals (vehicle:saline vs dieldrin:saline, p = 0.0222; vehicle:PFF vs dieldrin: PFF, p = 0.0014), as well as a PFF-effect in vehicle exposed animals but not dieldrin exposed animals (vehicle:saline vs vehicle:PFF, p =< 0.0001; dieldrin:saline vs dieldrin:PFF, p =0.3510) . On errors/step, PFF, dieldrin and the interaction were all statistically significant by two-way ANOVA (PFF: p = 0.0061; dieldrin, p = 0.0038; Interaction: p = 0.0048). Sidak post-tests revealed a significant effect of dieldrin in saline-injected animals (vehicle:saline vs dieldrin:saline, p = 0.0007), as well as a PFFrelated increase in errors in vehicle animals (vehicle:saline vs vehicle:PFF, p = 0.0011).
Figure 3: Dieldrin exacerbates PFF-induced motor deficits on challenging beam in male animals only.
Six months after PFFinjection, motor behavior was assessed on challenging beam in male (A-C) and female (D-F) animals (n = 10 per group). Time to traverse (A,D), steps across the beam (B,E) and errors per step (C,F) were scored. A) Time to traverse at 6 months after PFF injection in male animals (two-way ANOVA: PFF, p = 0.8914; dieldrin, p = 0.0013; interaction, p = 0.0171). Sidak post-tests showed a significant dieldrin-related increase in time to traverse in PFF injected animals (vehicle:PFF vs dieldrin:PFF animals, p = 0.0009). B) Steps at 6 months after PFF injection in male animals (two-way ANOVA: PFF, p = 0.0023; dieldrin, p = 0.0469; interaction, p < 0.0001). Sidak post-tests showed a significant dieldrin-related increase in steps in PFF-injected animals (vehicle:PFF vs dieldrin:PFF animals, p < 0.0001), as well as a significant effect of PFF in vehicle exposed animals (vehicle:saline vs vehicle:PFF, p = 0.0002). C) Errors per step at 6 months post-PFF injection (two-way ANOVA: PFF, p = 0.0004; dieldrin, p = 0.0215; interaction, p = 0.0010). Sidak post-tests showed a significant dieldrin-related decrease in errors per step in PFFinjected animals (vehicle:PFF animals vs dieldrin:PFF animals, p=0.0009), as well as a significant effect of PFF in vehicle exposed animals (vehicle:saline vs vehicle:PFF, p < 0.001). D-F) In female animals, all results were non-significant. G) Schematic illustrating the progression of motor deficits as DA deficits become more severe. All data shown as mean +/-95% CI with significant results of Sidak post-tests for dieldrin to vehicle comparisons indicated on graphs. All significant post-test results are reported in this legend.
6 months post PFF injection: In male animals, dieldrin exposure was associated with a 40% increase in time to traverse in PFF-injected animals, but we observed no effect of PFF alone ( Figure 3A ). For steps, PFF-injection alone caused a significant decrease in steps, and there was a significant dieldrin-associated increase in PFF-injected animals, with dieldrin exposed animals showing a 13% increase in steps ( Figure 3B ). For errors per step, there was a robust PFF-related increase in the vehicle exposed animals that was not observed in dieldrin exposed animals that received PFF injections ( Figure 3C ). While these dieldrin:PFF animals did not make as many errors as the vehicle:PFF group, they did make more errors compared to their baseline performance (Supplementary Figure 2C) . In contrast, at this timepoint in females, there were no differences between the groups in any of the outcomes ( Figure 3D -F).
Dieldrin exposure does not increase PFF-induced pSyn aggregation
In mice, phosphorylated α-syn (p-syn) aggregates accumulate progressively unti 2 months after PFF injections in the substantia nigra (SN) pars compacta, evolving from pale cytoplasmic inclusions 1 month post-PFF injection to dense perinuclear Lewy body-like inclusions by 3 and 6 months post-PFF injection. 38 To determine whether developmental dieldrin exposure increases the propensity for α-syn to aggregate, we quantified the number of p-syn-containing neurons in the ipsilateral SN at 1 and 2 months post-PFF injection in mice developmentally exposed to dieldrin or vehicle. Our results showed that developmental dieldrin exposure had no effect on the number of p-syn-containing neurons in the ipsilateral nigra at 1 or 2 months post-PFF injection in male or female animals ( Figure 4 ). The number of psyn-containing neurons was similar between males and females. Consistent with previous observations, we observed no neurons containing p-syn inclusions in the contralateral SN. animals (n = 9 for 1 month vehicle due to seeding failure in 1 animal; n = 10 in all other groups; unpaired t-test with Welch's correction: 1 month, p = 0.1919; 2 month, p = 0.1272). C) Total enumeration of psyn-containing neurons in ipsilateral SN in female animals (n = 9 for 1 month vehicle due to seeding failure in 1 animal; n = 10 in all other groups; unpaired t-test with Welch's correction: 1 month, p = 0.4712; 2 month, p = 0.1195). Data shown as mean +/-95% CI.
Dieldrin exposure exacerbates PFF-induced increases in DA turnover
To test if dieldrin exacerbated PFF-induced decreases in striatal DA levels, we measured DA and two of its metabolites, DOPAC and HVA, in ipsilateral and contralateral dorsal striatum by HPLC at 2 and 6 months post-PFF injections. Consistent with previous results, we showed PFFinduced deficits in DA levels (~45% loss at 6 months) in the ipsilateral dorsal striatum of male animals at both time points, but this loss was not exacerbated by prior dieldrin exposure ( Figure  5A , Supplementary Figure 3A ). 38 We also showed, for the first time, that female mice exhibit a PFF-induced loss of striatal DA (~40% loss at 6 months) at both time points ( Figure 5F , Supplementary Figure 3F ). In both male and female animals, we observed PFF-induced deficits in DOPAC and HVA at the two measured time points, but there was no exacerbation of this loss by dieldrin in either sex ( Figure 5B ,C,G,H, Supplementary Figure 3B ,C,G,H). These PFF-induced deficits were also seen at 2 months post-PFF injection (Supplementary Figure 3A -C, F-H). Dieldrin had no effect on these outcome measures at 2 months in male animals. In female animals, dieldrin significantly reduced the PFF-induced loss of HVA levels, suggesting that the progression of striatal dysfunction is slower in female animals (Supplementary Figure 3H) .
To investigate the effects of dieldrin exposure and PFFs on DA turnover, we calculated ratios of DOPAC and HVA to DA. At both time points, in both sexes, we observed PFF-induced increases in both the DOPAC:DA and HVA:DA ratios, indicative of increased DA turnover and deficits in DA packaging. In male animals at 6 months post-PFF injection only, this increase in HVA:DA ratio was further exacerbated by prior dieldrin exposure ( Figure 5E ). This dieldrin-induced exacerbation was not observed in females animals at 6 months post-PFF injection or at 2 months post-PFF injection in either sex ( Figure 5J, Supplementary Figure 3E ,J).
As expected, levels of DA and its metabolites remained unchanged following PFF injection in the contralateral striatum and dieldrin exposure alone had no effect on DA levels, DA metabolites, or DA turnover in the contralateral striatum ( Supplementary Figure 4 ). . A) PFF-induced loss of DA levels in ipsilateral dorsal striatum in male animals (two-way ANOVA: PFF, p < 0.0001; dieldrin, p = 0.9788, interaction, p = 0.2052). B) PFF-induced loss of DOPAC levels in ipsilateral dorsal striatum in male animals (two-way ANOVA: PFF, p = 0.0437; dieldrin, p = 0.9671; interaction, p = 0.5027). C) PFF-induced loss of HVA levels in ipsilateral dorsal striatum in male animals (two-way ANOVA: PFF, p = 0.0210; dieldrin, p = 0.1558; interaction, p = 0.9847). D) PFF-induced increase in DOPAC:DA ratio in ipsilateral dorsal stratum of male animals (two-way ANOVA: PFF, p = 0.0087; dieldrin, p = 0.3607; interaction, p = 0.2814). E) HVA:DA ratio in ipsilateral dorsal striatum of male animals (two-way ANOVA: PFF, p = 0.0002; dieldrin, p = 0.0786; interaction, p = 0.0967). Sidak post-tests showed a significant effect of dieldrin in PFF injected animals (vehicle:PFF vs.dieldrin:PFF, p = 0.0351), but not saline injected animals. F) PFF-induced loss of DA levels in ipsilateral dorsal striatum of female animals (two-way ANOVA: PFF, p < 0.0001; dieldrin, p = 0.2667; interaction, p = 0.6746). G) PFF-induced loss of DOPAC levels in ipsilateral dorsal striatum in female animals (two-way ANOVA: PFF, p < 0.0001; dieldrin, p = 0.0654; interaction, p = 0. 8994). H) PFF-induced loss of HVA levels in ipsilateral dorsal striatum of female animals (two-way ANOVA: PFF, p = 0.0049; dieldrin, p = 0.0565; interaction, p = 0.6614). I) PFFinduced increase in DOPAC:DA ratio in ipsilateral dorsal striatum of female animals (two-way ANOVA: PFF, p = 0.0029; dieldrin, p = 0.8397; interaction, p = 0.8502). J) PFF-induced increase in HVA:DA ratio in ipsilateral dorsal striatum of female animals (two-way ANOVA: PFF, p = 0.0009; dieldrin, p = 0.8577; interaction, p = 0.9994). Data shown as mean +/-95% CI with significant results of two-way ANOVA indicated on graphs in bold and of Sidak post-tests for dieldrin to vehicle comparisons indicated in italics. Except where indicated (E), all measures had significant PFF-induced deficits, but no significant effect of dieldrin. Supplementary Figure 3 : HPLC results at 2 months post-PFF injections. Levels of DA, DOPAC and HVA in ipsilateral dorsal striatum were measured 2 months post-PFF injection by HPLC in male (A-E) and female (F-J) animals (n = 10 per group; n = 9 for vehicle:PFF female group, one animal was excluded due to PFF seeding failure based on psyn counts). A) PFF-induced loss of DA levels (two-way ANOVA: PFF, p < 0.0001; dieldrin, p = 0.8310; interaction, p = 0.4696). B) PFF-induced loss of DOPAC levels (two-way ANOVA: PFF, p = 0.0137; dieldrin, p = 0.2607; interaction, p = 0.8189). C) PFF-induced loss of HVA levels (two-way ANOVA: PFF, p = 0.0085; dieldrin, p = 0.3247; interaction, p = 0.5916). D) No significant effect of PFF or dieldrin on DOPAC:DA ratio (two-way ANOVA: PFF, p = 0.0810; dieldrin, p = 0.1144; interaction, p=0.1597). E) PFF-induced increase in HVA:DA ratio (two-way ANOVA: PFF, p = 0.0097; dieldrin, p = 0.4414; interaction, p = 0.6346). F) PFF-induced loss of DA levels (two-way ANOVA: PFF, p < 0.0001; dieldrin, p = 0.0508; interaction, p = 0.9145). G) PFF and dieldrin effects on DOPAC levels (two-way ANOVA: PFF, p < 0.0001; dieldrin, p = 0.0129; interaction, p = 0.9125). H) PFF and dieldrin effects on HVA levels (two-way ANOVA: PFF, p = 0.0008; dieldrin, p = 0.0017; interaction, p = 0.6033). Sidak post-tests show a dieldrin-induced increase in HVA in PFF-injected animals (vehicle:PFF vs dieldrin:PFF: p = 0.0189). I) PFF-induced increase in DOPAC:DA ratio (two-way ANOVA: PFF, p = 0.0002; dieldrin, p = 0.9054; interaction, p=0.9842). J) PFF-induced increase in HVA:DA ratio (two-way ANOVA: PFF, p = 0.0001; dieldrin, p = 0.3585; interaction, p = 0.5825). Data shown as mean +/-95% CI with significant results of two-way ANOVA indicated on graphs in bold and of Sidak post-tests indicated in italics. Except where indicated (H), Sidak post-hoc tests showed no significant effect of dieldrin exposure. Figure 4 : Contralateral HPLC at 2 and 6 months after PFF injections in male and female animals. As expected, there was no significant effect of PFF injection or dieldrin exposure on DA, DOPAC or HVA levels in male or female animals (n = 10 per group), at either timepoint. Data shown as mean +/-95% CI.
Supplementary
The combination of male-specific deficits in motor behavior and DA turnover at 6 months post-PFF injection suggests that this dieldrin-induced exacerbation is due to increased synaptic deficits in the striatum. To further explore this potential link between DA turnover and the observed behavioral phenotype, we carried out linear regression for all male PFF-injected animals, regardless of dieldrin status, to determine if there is an association between DA turnover and behavioral outcome measures. We found a statistically significant association between HVA:DA ratio and time to traverse: the more severe the deficit in DA turnover, the more severe the behavioral deficit on time to traverse ( Figure 6 ). Although we also observed a negative relationship between HVA:DA ratio and errors per step, this association was not statistically significant. Figure 6 : DA turnover is associated with behavioral phenotype. Linear regression was performed for all male PFF-injected animals with no additional covariates or interaction terms to explore associations between DA turnover and motor behavior outcomes. A) There was a significant positive association between DA turnover (HVA:DA) and time to traverse (beta coefficient = 27.651, p=0.0498). B) In contrast, the negative association between DA turnover (HVA:DA) and errors per step was not significant (beta coefficient = -0.46011, p-value = 0.248).
Dieldrin exposure does not exacerbate PFF-induced loss of TH phenotype or neuronal loss in the substantia nigra
To determine if developmental dieldrin exposure exacerbates the PFF-induced loss of TH phenotype, we performed IHC for TH and estimated the number of TH + neurons in the SN 6 months post-PFF injection by stereology. Consistent with prior results, we observed a ~35% loss of TH + neurons ipsilateral to the injection site in the SN 6 months after PFF injections ( Figure  7A ,D). 38 Developmental dieldrin exposure did not significantly affect PFF-induced loss of TH + neurons in male animals ( Figure 7A,D) .
In contrast, in female animals, there was a significant effect of PFF on number of TH + neurons, with a less than 20% loss of TH + neurons ipsilateral to the injection site in the SN 6 months after PFF injections ( Figure 7C ). However, post-tests revealed no significant effect of dieldrin or PFF alone. As expected, there was no loss of TH + neurons in the contralateral uninjected SN in either male or female animals (Supplementary Figure 5) .
To assess whether the loss of TH immunoreactivity in PFF-injected male animals was accompanied by degeneration of these neurons, we performed IHC for NeuN in male animals and estimated the number of NeuN + neurons in the SN by stereology. We observed a PFFinduced loss of NeuN + neurons (~20%) in the ipsilateral SN, with no effect of dieldrin on this loss ( Figure 7B ). Given that we did not observe a significant loss of ipsilateral TH + neurons in females, we did not estimate NeuN counts in female mice. Consistent with TH results, we did not observe any contralateral loss of NeuN + neurons in male mice (Supplementary Figure 5 ).
Figure 7: Dieldrin does not exacerbate the male-specific PFF-induced loss of ipsilateral nigral TH immunoreactive neurons.
Number of TH + neurons in the ipsilateral nigra was estimated by unbiased stereology. A) Ipsilateral nigral TH neuron counts in male animals (n = 10 per group) show a PFF-induced loss of TH + neurons (two-way ANOVA: PFF, p < 0.0001; dieldrin, p = 0.5215; interaction, p = 0.5444). Sidak post-tests show no significant effect of dieldrin, but a significant effect of PFFs in vehicle and dieldrin exposed animals (vehicle:saline vs vehicle:PFF, p = 0.0002; dieldrin:saline vs dieldrin:PFF, p < 0.0001). B) Quantification of ipsilateral nigral NeuN counts in male animals (n = 10 per group) show a PFF-induced loss of NeuN (two-way ANOVA: PFF, p = 0.0207; dieldrin, p = 0.9823; interaction, p = 0.5133). Sidak post-tests show no significant effect in any individual comparison. C) Quantification of ipsilateral nigral TH counts in female animals (n = 10 per group) show a PFF effect (two-way ANOVA: PFF = 0.0149; dieldrin = 0.1061; interaction p = 0.6275). Sidak post-tests show no significant effect of PFFs or dieldrin. The only significant post-test was between dieldrin:saline and vehicle:PFF (p = 0.0304). D) Representative images from male animals of nigral TH immunohistochemistry. "C" and "I" indicate contralateral and ipsilateral sides. Data shown as mean +/-95% CI with significant results of two-way ANOVA indicated on graphs in bold and of Sidak post-tests for dieldrin to vehicle comparisons indicated on graphs in italics. All significant post-test results are reported in this legend.
Supplementary Figure 5: PFF injection and dieldrin show no effect on contralateral TH and NeuN immunoreactive neurons. A)
Number of TH+ neurons in the contralateral nigra were estimated by unbiased stereology (n = 10 per group). A) There was no effect of dieldrin or PFF on contralateral nigral TH + neurons in male animals (two-way ANOVA: PFF, p = 0.5172; dieldrin, p = 0.3922; interaction = 0.0581). B) There was no effect of dieldrin or PFF on contralateral nigral NeuN + neurons in male animals two-way ANOVA: PFF, p = 0.8462; dieldrin, p = 0.1186; interaction, p = 0.7063). C) There was no effect of dieldrin or PFF on contralateral nigral TH + neurons in female animals (two-way ANOVA: PFF, p = 0.3645; dieldrin, p = 0.0627; interaction = 0.2833). Data shown as mean +/-95% CI.
Dieldrin exposure does not alter striatal α-syn levels
Since we observed sex-specific effects of dieldrin exposure on the response to synucleinopathy, we tested whether developmental dieldrin exposure led to changes in α-syn levels in the striatum in adult male animals at 12 weeks of age (the age at which PFF injections were performed) by western blot. We did not observe an effect of developmental dieldrin exposure on levels of α-syn in the striatum of male mice developmentally exposed to dieldrin ( Figure  8A,B) .
Dieldrin exposure does not alter striatal DAT and VMAT2 levels
In the 2006 study showing that developmental dieldrin exposure exacerbated MPTP toxicity, the authors observed a dieldrin-induced increase in the DAT:VMAT2 ratio and a corresponding increase in DA turnover. 33 To test if these findings were replicated in our experiment, we performed western blots for DAT and VMAT2 from striatum of male mice. In contrast to these previous results, we did not observe a dieldrin-induced change in DAT, VMAT2 or the DAT:VMAT2 ratio in our study ( Figure 8C -G).
Figure 8: Effect of dieldrin exposure on levels of monomeric α-syn, DAT and VMAT2 in the striatum of male animals.
Monomeric α-syn (A), DAT (C) and VMAT2 (E) were detected by western blot (vehicle: n = 6; dieldrin: n = 5). Samples are in mixed order for more accurate quantification. D= dieldrin, V=vehicle. Dieldrin sample with a * was excluded from all analysis. This sample was not stored properly and ran atypically on some blots. Full blots and total protein staining are shown in Supplementary Figure 6 . B) Quantification shows no effect of dieldrin on α-syn levels in the striatum (unpaired t-test with Welch's correction: p = 0.6279). D) Quantification shows no effect of dieldrin on DAT levels in the striatum (unpaired t-test with Welch's correction: p = 0.8469). F) Quantification of the 42 kDa band of dieldrin shows no effect of dieldrin on VMAT2 levels in the striatum (unpaired t-test with Welch's correction: p = 0.5764). G) Dieldrin shows no effect on DAT:VMAT2 ratio (unpaired ttest with Welch's correction: p = 0.6700). Data shown as mean +/-95% CI. 
Dieldrin exposure induces sex-specific patterns of expression in inflammatory genes
There is a growing recognition that neuroinflammation plays an important role in human PD and in the α-syn PFF model. 66 In addition, previous results demonstrated that while dieldrin exposure did not affect glial fibrillary acidic protein (GFAP) levels in the striatum, it did exacerbate MPTP-induced increases in GFAP, suggesting that dieldrin exposure leads to a greater neuroinflammatory response to a second insult. 33 Thus, we sought to determine whether developmental dieldrin exposure affects expression of neuroinflammatory genes in the striatum. We screened the expression of a targeted set of neuroinflammatory genes in striata from male and female mice developmentally exposed to dieldrin using the TaqMan Array Card Mouse Immune Panel. Analysis was stratified by sex to assess whether dieldrin has sex-specific effects on inflammatory gene expression. We observed distinct sex-specific effects on expression of neuroinflammatory genes, consistent with our previous results reporting sexspecific effects on DNA methylation and the transcriptome in the ventral midbrain 35 . In male mice, nine genes were differentially expressed by dieldrin exposure (p ≤ 0.05) ( Table 3 ). In female mice, 18 genes were differentially expressed by dieldrin exposure ( Table 3 : Differentially regulated genes in males. Genes that were differentially regulated between the dieldrin exposed group vs the control group in male mice (n=8 per treatment group, p < 0.05). One star (*) indicates the genes that do not cluster with other genes in STRING network analysis; two stars (**) indicates that the gene was not mapped to the STRING database. Table 4 : Differentially regulated genes in females. Genes that were differentially regulated between the dieldrin exposed group vs the control group in female mice (n=8 per treatment group, p < 0.05). One star (*) indicates the genes that do not cluster with other genes in STRING network analysis; two stars (**) indicates that the gene was not mapped to the STRING database.
Gene p-value Fold change (2 -ΔΔCt ) Expression in exposed group
To investigate whether the identified differentially expressed genes (DEGs) have known interactions, we performed STRING protein-protein network analysis. STRING analysis showed that 7 of the 9 (77.8%) DEGs in males have known interactions between their encoded proteins ( Figure 9A ). Meanwhile, 16 of the 18 (88.8%) DEGs in females have known interactions between their encoded proteins ( Figure 9B ). Since this was a curated group of genes selected for function, we expected this high degree of connectivity and a high number of significantly enriched gene ontology terms. For both networks, the most enriched gene ontology terms were related to the cellular response to cytokines (Supplementary Table 1 ,2). Figure 9 : STRING interaction networks for male and female differentially expressed genes. Dieldrin-related differentially expressed genes (DEGs) for male and female animals were placed into the STRING network tool to investigate known interactions between the proteins encoded by the genes. We found a high degree of interconnectivity for both the male and female gene lists. A) In males, 7 of the 9 (77.8%) DEGs had known interactions. B) In females, 16 of the 18 (88.8%) DEGs had known interactions.
Discussion
Male-specific exacerbation of synucleinopathy-induced deficits in motor behavior developmental dieldrin exposure
As an important validation, our results in the PFF-injected animals without dieldrin exposure replicated previous reports of this model in mice. Specifically, we observed comparable levels and timing of PFF-induced accumulation of psyn-positive aggregates, loss of striatal DA, and loss of nigral TH + cells. 38 Our new results in dieldrin-exposed animals demonstrate that developmental dieldrin exposure induces a male-specific exacerbation of PFF-induced toxicity consistent with previous results in the MPTP model. 33 However, dieldrin did not exacerbate the timing or extent of PFF-induced α-syn accumulation and aggregation into p-syn positive aggregates in the nigra (Figure 4) , indicating that dieldrin does not affect the propensity of αsyn to aggregate, but instead affects the response to the aggregation. This exacerbated response manifests as increased PFF-induced motor deficits assessed on the challenging beam and deficits in striatal DA handling 6 months post-PFF injection in animals exposed to dieldrin in male mice (Figure 3, Figure 5 ).
Of note, we showed that PFF injection alone did not affect the speed of male mice on the challenging beam. Only PFF-injected animals previously exposed to dieldrin showed an effect on this outcome measure, displaying a longer time to traverse at 6 months post-PFF injection, suggesting a more severe dopaminergic deficit in PFF-injected animals previously exposed to dieldrin ( Figure 3A) . This finding is similar to results in other mouse models of PD-related pathology, including the MPTP mouse model and the Pitx3-aphakia mouse. 55, 58 Consistent with previous results in other α-syn models including the Thy1-α-syn overexpression models, we also found that PFF injection alone induced a significant increase in errors made on the beam ( Figure 3C ). 54, 67 While the PFF-injected animals previously exposed to dieldrin did make more errors at 6 months compared to baseline, indicating a worsening of sensorimotor function, they did not make as many errors compared to the PFF-injected animals not exposed to dieldrin ( Figure 3C, Supplementary Figure 2C ). This seeming discrepancy in results on time to traverse and errors is actually consistent with our previous observations. In MPTP-treated mice, we have observed that this increase in time to traverse can be associated with a reduced number of errors (Fleming et al. unpublished observations) . MPTP-treated mice move more slowly across the length of the beam and appear to be more "cautious" with their stepping, resulting in fewer mistakes. Thus, these results support the hypothesis that dieldrin exposure exacerbates PFFinduced motor deficits. All of the observed impairments on challenging beam were specific to male mice, with female mice showing no effect of dieldrin exposure or PFF injection on their performance on challenging beam (Figure 3 ; see Sex differences in PFF-induced motor deficits below).
Male-specific exacerbation of synucleinopathy-induced deficits in DA turnover after developmental dieldrin exposure
Defects in DA handling are broadly indicative of DA neuron dysfunction; consistent with this, we observed PFF-induced deficits in the DOPAC:DA and HVA:DA ratios, measures of DA turnover and handling, in both male and female mice ( Figure 5D ,E,I,J). None of these outcome measures were exacerbated by dieldrin exposure except for HVA:DA in male mice at 6 months after PFF injections. This male-specific exacerbation of the PFF-induced increase in DA turnover is indicative of a greater stress on the DA system in male animals and consistent with the malespecific exacerbation of motor deficits discussed above. In addition, the male-specific deficit in DA turnover is consistent with a large body of evidence supporting a central role for cytosolic DA in PD pathogenesis. 68 Critically, it is not only overall levels of DA that matter for disease etiology and progression, but also the ability of a neuron to maintain DA within synaptic vesicles to both protect against cytosolic degradation of DA and allow the cell to release enough DA into the synapse. [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] Taken together, the behavioral and HPLC data suggest that developmental dieldrin exposure causes persistent changes to the nigrostriatal system that exacerbate the response to PFF-induced synucleinopathy through disruption of striatal synaptic terminals ( Figure 6, Figure 10 ). These results suggest that a more detailed analysis of DA uptake, release and turnover in the striatum is warranted in this two-hit model.
In contrast to the neurochemical findings, we did not observe an exacerbation in loss of nigral TH phenotype or degeneration of nigral neurons at the same 6-month time point (Figure 7) . The discrepancy between these striatal and nigral observations may be a byproduct of the time point chosen. Six months after PFF injections was the latest time point that we assessed in this study, but the earliest time point where we observed neurochemical or behavioral deficits. It is possible that 6 months old is still too early to observe the effects of exposure-induced exacerbation of degeneration, which typically lags behind striatal dysfunction and degeneration of the synaptic terminals. Thus, at later time points, animals with greater striatal synaptic deficits may eventually show greater nigral loss. Now that we have established the phenotype in this two-hit model, further studies will assess possible acceleration and/or exacerbation of these synaptic deficits in the striatum at later time points.
A model of dieldrin-induced increases in neuronal susceptibility
Based on the results reported here, our previous characterization of epigenetic changes induced by developmental dieldrin exposure, and the mechanisms of dieldrin toxicity, we propose a model for how developmental dieldrin exposure leads to increased susceptibility to synucleinopathy. 33, 35 In this model, exposure to dieldrin occurs during prenatal and postnatal development. The half-life of dieldrin in mouse brain is less than a week, so no detectable dieldrin remains in the brain of F1 offspring by a few weeks after weaning. 33, 34, 80 When dieldrin is present in the developing brain, it is thought to act on developing DA neurons by inhibiting GABAA receptor-mediated chloride flux, resulting in increased neuronal activity ( Figure 10A ). [81] [82] [83] [84] [85] [86] Based on previous results, we propose that this net increase in neuronal activity modifies the dopamine system through persistent changes in epigenetic mechanisms, leading to dysregulation of genes important for dopamine neuron development and maintenance ( Figure  10B ,C). 35 These stable changes then alter the susceptibility of this system to future insults, likely via alterations in striatal dopamine synapses that manifest as increased DA turnover upon application of PFFs ( Figure 5 , Figure 10C ). Supporting this model, the present work identified a dieldrin-induced, male-specific exacerbation of PFF-induced deficits in striatal DA handling ( Figure 5 , Figure 10D ) and motor behavior (Figure 3 , Figure 10E ). Further studies in our lab will focus on exploring the synaptic mechanisms underlying this phenotype and will aim to connect the observed epigenetic changes with these mechanisms. In addition, in a current study, we are tracking the longitudinal patterns of dieldrin-induced epigenetic changes from birth to 12 weeks of age to determine if dieldrin-induced epigenetic changes are maintained from birth or if they represent an altered longitudinal trajectory of epigenetic changes. 
Dieldrin induced sex-specific effects in the nigrostriatal pathway may underlie the malespecific increase in susceptibility
As discussed above, work in our lab has focused on characterizing dieldrin-induced changes in the DA system that may underlie this increase in susceptibility. 35 In a previous study, we reported sex-specific, dieldrin-associated changes in DNA methylation and gene transcription in the ventral midbrain at genes related to dopamine neuron development and maintenance. These dieldrin-induced changes in gene regulation were identified at 12 weeks of age, which is when male-specific exacerbation of PFF-and MPTP-induced toxicity is observed. 33 To complement those results, we explored additional dieldrin-induced changes in littermates in our study that did not receive PFF or saline injections.
Consistent with our finding that dieldrin did not exacerbate PFF-induced α-syn aggregation, we also did not observe dieldrin-induced changes in overall levels of α-syn (Figure 8 ). This finding replicates previous results in this exposure paradigm. 33 In contrast to the findings in Richardson et al, we did not observe dieldrin-induced changes in overall levels of DAT or VMAT2, or in the DAT:VMAT2 ratio in male animals (Figure 8 ). The previous report showed increased DAT and VMAT2 in both male and female animals exposed to the same dose of dieldrin used here, as well as a male-specific increase in DAT:VMAT2 ratio. 33 Despite this difference in results, we observed a similar male-specific exacerbation of toxicity upon application of the second hit (PFFs in this study, MPTP in the previous study).
Next, we tested expression of a curated set of inflammatory genes in the striatum of dieldrinexposed animals to determine if developmental dieldrin exposure caused long lasting changes in the neuroinflammatory system in adulthood. Recognition of an important role of neuroinflammation in human PD and in the α-syn PFF model has been growing. 66, [87] [88] [89] [90] [91] [92] [93] [94] [95] In addition, previous results demonstrated that dieldrin exposure exacerbates MPTP-induced increases in expression of glial fibrillary acidic protein (GFAP) levels in the striatum, suggesting that dieldrin exposure leads to a greater neuroinflammatory response to a second insult. While we were unable to test expression of neuroinflammatory genes after the application of PFFs, we did identify dieldrin-induced changes in the expression of neuroinflammatory genes. Consistent with our previous results showing sex-specific effects of dieldrin exposure on the nigral epigenome and transcriptome, we identified sex-specific effects of dieldrin on neuroinflammatory gene expression (n=9 in male mice; n=18 in female mice) ( Table 3 , Table 4 ). Since this was a curated set of genes, we also observed a very high degree of connectivity between these genes in STRING protein-protein network analysis (77.8% of male DEGs and 88.8% of female DEGs) ( Figure 9 ). For both networks, the most enriched gene ontology terms were related to the cellular response to cytokines (Supplementary Table 1 ,2).
No single inflammatory pathway is apparent in the list of differentially regulated genes from either sex and these results are not consistent with canonical pro-or anti-inflammatory effects.
In interpreting these results, it is critical to remember that gene expression was measured in developmentally exposed offspring at 12 weeks of age, when dieldrin is no longer detectable in the brain. Thus, these expression changes may not reflect a typical acute or even chronic inflammatory response. As with our previous epigenetic study, these observed changes likely reflect a persistent change in the baseline state of this system, such that the system responds differently to the second hit.
Despite the lack of a clear pro-or anti-inflammatory gene signature, a few patterns can be identified in the list of DEGs. Only one gene is differentially expressed in both sexes -IKBKB, which encodes an NF-κB inhibitor. This gene is downregulated in both male and female animals, but only female animals show a corresponding increase in NKFB1 expression. The combination of increased NKFB1 expression and decreased IKBKB in the female animals suggests a state of microglial activation. Consistent with this idea, we observed increased expression of the microglial pro-inflammatory cytokine genes, CXCL10 and CSF1. However, we also observed dieldrin-induced decreased expression of IL1A and increased expression of SOCS1, changes that are not consistent with a pro-inflammatory state. In males, the downregulation of IKBKB is not accompanied by corresponding pro-inflammatory changes. Instead, we observed decreased expression of four pro-inflammatory genes -IL15, STAT1, NOS2, and CCL5. We also observed expression changes in genes involved in the adaptive immune response (upregulation of IL5, PTPRC, STAT3, and STAT4, and downregulation of CD28) in female animals. When considered together, these gene expression results establish that developmental dieldrin exposure induces distinct sex-specific effects on neuroinflammatory pathways. While these changes are not consistent with canonical pro-or anti-inflammatory effects, they provide multiple avenues for follow-up studies. In particular, future studies will determine if these observed changes in gene expression correspond with activation or deactivation of microglia or the adaptive immune system in dieldrin-exposed animals. Furthermore, using our two-hit model, follow-up studies will test whether specific dieldrin-induced DEGs respond differently to a PFF second hit or if dieldrin exposure modifies PFF-induced microglial activation or immune response.
Sex differences in PFF-induced motor deficits
While we expected to see a male-specific exacerbation of PFF-induced toxicity by developmental dieldrin exposure, the finding that PFFs alone did not induce motor deficits in female animals was quite surprising. Indeed, this is the first study to show sex differences in sensorimotor function in the PFF model. Despite male and female animals showing similar levels of PFF-induced psyn aggregation (Figure 4 ), loss of DA, DOPAC and HVA levels and increases in DA turnover ( Figure 5, Supplementary Figure 3 ), female mice showed no motor behavior deficits ( Figure 3 ). While these data at first appear contradictory, we found that female animals show less than 20% loss of ipsilateral nigral TH immunoreactivity between saline-and PFF-injected groups, whereas males showed a ~35% PFF-induced loss of TH immunoreactivity (Figure 7 ). Together, these data suggest that female mice have reduced or slower loss of nigral DA neurons and a behavioral resilience to the same level of DA loss and similar defects in DA turnover compared to their male counterparts. This is consistent with the reduced incidence of PD and severity of disease course in human females. [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] Collecting tissue at a later time point (e.g. 9 months post-PFF injection) would reveal if the female-specific resilience is complete or simply reflects a slower progression of the effects of the observed neuropathology. This unanticipated finding is particularly important as it suggests that the PFF model may be a valuable tool to model sex-differences in PD pathology and etiology that does not require any additional surgery or other treatments to manipulate hormonal state. Although this study was not designed to directly compare male and female animals, these results warrant further investigation into sex differences in the PFF model.
Conclusions
In this paper, we demonstrated sex-specific effects of developmental dieldrin exposure on αsyn PFF-induced toxicity. Specifically, we showed that developmental dieldrin exposure increases α-syn-PFF-induced motor deficits and deficits in DA handling but does not affect PFFinduced loss of nigral TH + neurons. These results indicate that our two-hit exposure model represents a novel experimental paradigm for studying how environmental factors increase risk of PD. In addition, we observed sex-specific effects of developmental dieldrin exposure on neuroinflammation, and a female-specific resilience to PFF-induced pathology. These sexspecific effects are likely not specific to the toxicants used here. A recent study demonstrated similar sex differences in response to rotenone, a commonly studied parkinsonian toxicant. 106 Given the reduced incidence of PD and severity of disease course in human females, the sex differences in these models underscore the need to include female animals in toxicity studies. [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] 
